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Abstract
High frequency wind time series measured at different heights from the
ground (from 1.5 to 25.5 meters) in an urban area were investigated by using
the variance of the coefficients of their wavelet transform. Two ranges of scales
were identified, sensitive to two different dynamical behavior of the wind speed:
the lower anemometers show higher wavelet variance at smaller scales, while
the higher ones are characterized by higher wavelet variance at larger scales.
Due to the relationship between wavelet scale and frequency, the results suggest
the existence of two frequency ranges, where the wind speed variability change
according to the position of the anemometer from the ground.
This study contributes to better understanding of the high frequency wind
speed in urban areas and to a better knowledge of the underlying mechanism
governing the wind fluctuations at different heights from the ground in particular
in urban area.
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1. Introduction
Urban built-up and layout are strongly influenced by wind (and vice-versa),
which is a crucial factor to consider in urban planning. For instance, an important
hazard for pedestrians is represented by wind over-speed and vortices occurring
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in connecting passage ways between two buildings [1]. High quality and high
frequency wind data that are registered through experimental campaigns and
field trips are necessary in understanding the impact of urban areas and/or
buildings on wind and for representing land surface in the evaluation of building
energy use [2, 3], dispersion of air pollutants, renewable energy potential in urban
planning scenarios [4]. Meteo-climatic stations, in general, record also wind, but
not with sufficiently high vertical resolution and high frequency. Campaigns
such as BUBBLE [5] provided useful data for development and generalization
of new parameterization schemes. However, more data of such type over longer
time periods and in different urban settings are needed, in order to develop new
methods to evaluate building energy use. For instance, the vertical profiles of
wind speed close to buildings are necessary to determine the momentum and
heat fluxes [6–8]. Moreover, only high frequency wind speed data could allow
the identification of small turbulence structures, which often characterize urban
configurations [9].
The extremely complex interactions between mean wind speed vertical gradi-
ent, turbulence, shape, size, layout of buildings, etc. cause high variability at
any timescales in wind speed. Therefore, robust time series methodologies are
necessary to understand the temporal variations of wind speed in urban areas at
different heights from the ground [10, 11]. It has previously been demonstrated
either with measurements in real cases [5, 10] or in wind tunnels [12] or with
computational methods [8] that there is a significant difference in the dynamics
of the wind flow in the urban canyon and above it. It would thus be particularly
useful to develop new tools for analyzing datasets collected in urban areas to de-
rive new methods or models that would better represent the underlying physical
processes.
In the present work, seven high-frequency urban wind speed series are an-
alyzed. They are measured at different heights from the ground (from 1.5 to
25.5 meters, with 4 meters spacing among the sensors) on a 27 meters high mast
installed on the campus of Ecole Polytechnique Fédérale de Lausanne (EPFL),
Switzerland (motus.epfl.ch), whose average building height is around 10 meters
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[10, 11] (see Fig. 1). The experiment was carried out to quantify the influence of
urban buildings on wind fluctuations. Since building layouts could be considered
as the main source of local turbulence phenomena in the wind flow below the
average building height, the experiment aimed at distinguishing the temporal
dynamics of wind speed recorded at levels below the average building height from
that of wind speed recorded at levels above. As a discriminating tool, wavelet
variance is applied. This method allows the decomposition of the variance of
each signal by scale through multiresolution wavelet analysis, which proved to
be a performing tool for extracting scale-dependent components of a signal [13].
The paper is organized as follows. First, the technical details of the experiment
are briefly reported. Then the method of the wavelet variance is described. Next,
the results are presented, and the final remarks are summarized in the conclusions.
2. Description of the experiment
Seven 3D sonic anemometers have been installed along the vertical axis of a
27 m high mast every 4 m. The anemometers were set at 1.5 m, 5.5 m, 9.5 m,
13.5 m., 17.5 m, 21.5 m and 25.5 m above the ground. The last sensor was placed
high enough above the building layout height in order to be in a undisturbed
flow [14]. The frequency of the data is 1Hz [15]. Each sensor registers data
for the three velocity components, the sonic speed and temperature. The data,
collected durring two months period from 28 December 2016 to 29 January 2017,
are shown in Fig. 2. Boxplots show a certain amount of extreme values, typical
of wind data, see Fig. 3.
3. The wavelet variance
3.1. Multiresolution wavelet analysis
An accurate signal description in time and in frequency cannot be performed in
the Fourier analysis framework. The wavelet transform overcomes this problem by
decomposing the signal on an orthogonal basis, which is generated by translating
and scaling a function ψ(t) called mother wavelet.
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Multiresolution wavelet analysis (MRWA) is a recursive method for per-
forming discrete wavelet analysis [16]. Given a signal x = {x(i)} of length L,
sampled at regular intervals ∆t = τ , one can split it in two components; 1) an
approximated part A1 of x at the coarser scale ∆t = 2τ and 2) a detailed part D1
at scale ∆t = τ . This procedure is recursively performed on the approximated
parts, each step yielding an approximation Am at scale ∆t = 2mτ and a detailed
part Dm at scale ∆t = 2m−1τ . After M iterations of the process, the signal is
decomposed as
x = AM +D1 +D2 + · · ·+DM . (1)
In practice, this procedure is computed by performing the Discrete Wavelet
Transform (DWT) algorithm [17]. Each detailed level Dm have Nm = int(L/2m)
coefficients completely determined by the mother wavelet ψ(t) and given by
d(m,n) = 2−m/2
L−1∑
i=0
x(i)ψ(2−mi− n), (2)
for all m = 1, . . . ,M , n = 0, . . . , Nm − 1 [18]. An example of the detailed
coefficients at different scale levels for Haar mother wavelet is shown in Fig. 4
and Fig. 5.
3.2. Wavelet variance
In the present work, the quantity of interest is the variance of the detailed
coefficients for a given scale m, noted as σ2det(m). An estimate for the variance
of the detailed coefficients is defined by
σˆ2det(m) =
1
Nm
Nm−1∑
n=0
[
d(m,n)− 1
Nm
Nm−1∑
n=0
d(m,n)
]2
, (3)
for a given scale m.
However, it is convenient to normalize σˆdet(m) by 2m, yielding a scale
decomposition of the signal variance. Following [19], let’s define the wavelet
variance as σˆ2wav(m) = σˆ2det(m)/2m. Suppose for convenience that L = 2M . If
the coefficient averages are zeros, then we have for all scale m,
σˆ2wav(m) =
σˆ2det(m)
2m =
Nm
L
σˆ2det(m) =
1
L
Nm−1∑
n=0
d(m,n)2, (4)
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since Nm = L/2m and using Eq. (3). Assuming the orthonormality of the basis
induced by the mother wavelet, we can show [13, 19] that
L−1∑
i=0
x(i)2 =
M∑
m=1
Nm−1∑
n=0
d(m,n)2 + Lx¯2. (5)
Then, using Eq. (4) and (5), we have
M∑
m=1
σˆ2wav(m) =
1
L
M∑
m=1
Nm−1∑
n=0
d(m,n)2 = 1
L
L−1∑
i=0
x(i)2 − x¯2. (6)
The right-hand side member of that equation is nothing else than the sample
variance of the signal. Thus, the detailed coefficients d(m,n) of MRWA provide
a natural scale decomposition of the variance by σˆ2wav(m).
4. Results and discussion
In this study, seven time series of 1Hz wind speed measured from 1.5 m to
25.5 m from the ground at a 27.5 m mast located in the campus of EPFL were
analysed, see Fig. 2. The wind speed measured by the three lowest anemometers
would be more affected by the canopying and tunneling effect produced by the
layout of the buildings around the mast, while the higher four would be in
conditions of undisturbed flow. These results are in agreement with previous
studies such as [6, 8, 9]. It can be clearly seen that all the seven time series seem
to be characterized by similar variability, although the amplitude of the variation
increases with the height from the ground. The close similarity among the wind
series is confirmed by the Pearson correlation analysis (Table 1), which shows a
correlation coefficient ranging between 0.55 and 0.96, indicating a high shape
similarity. Although such very close shape similarity among the series is observed,
the wind speed series are characterized by different local forcings governing the
variability. In fact, the wind speed variability up to 9.5 m (a bit below the
average height of the buildings around the mast) should be more informative on
the small turbulence dynamics taking place around building, which is typical of
the roughness sublayer [20, 21]. The wind speed variability from 17.5 m up to
25.5 m (so, sufficiently above the average height of the building layout) would be
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An 1 An 2 An 3 An 4 An 5 An 6 An 7
An 1 1.000 0.641 0.550 0.600 0.628 0.634 0.637
An 2 0.641 1.000 0.620 0.574 0.590 0.597 0.601
An 3 0.550 0.620 1.000 0.677 0.625 0.616 0.612
An 4 0.600 0.574 0.677 1.000 0.895 0.854 0.830
An 5 0.628 0.590 0.625 0.895 1.000 0.947 0.915
An 6 0.634 0.597 0.616 0.854 0.947 1.000 0.959
An 7 0.637 0.601 0.612 0.830 0.915 0.959 1.000
Table 1: Pearson correlation between anemometers.
in a status of unconditioned flow, which is typical of the inertial layer [20, 21].
The wind speed measured at 13.5 m could be probably in an intermediate status,
and thus could be affected by both phenomena. In particular at this height,
the rooftop could influence the turbulent structure creating more disturbed flow
above the building height [22]. Additionally, wake turbulence could also be
responsible for increased variance at this height [23].
The wavelet variance was applied to all seven normalized time series. Four
different mother wavelets were used: Haar, db2, db3 and db4. The wavelet
variance for the seven wind speed series is shown in Fig. 6. All wavelet variance
plots present very similar characteristics:
1. The wavelet variance curves versus scale m of the wind speed measured
by the first three lower anemometers are almost overlapped, showing very
slight difference between each other;
2. The wavelet variance curves versus scale m of the wind speed measured by
the last three higher anemometers, similarly to the first three lower ones,
are also overlapping, with very small differences between them;
3. The wavelet variance of the wind speed of the first three lower anemometers
is larger at small scales, with a maximum between scales 4 and 5; while the
wavelet variance of the wind speed of the last three higher anemometers is
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larger at larger scales, with a maximum at the scale 18;
4. The wavelet variance curve corresponding to the wind speed measured at
13.5 m seems almost equidistant between the two groups of the wind speed
measured by the three lower and the three higher anemometer.
The wavelet variance curves are in a good agreement with previous studies
[24]. It is clear that the lower anemometers captures intra-canyon dynamics
while above the urban canyon, the synoptic flow is most important. This could
relate also to the size of the turbulent eddies. Close to the ground the eddies are
rather small [6, 25] while above the ground they increase linearly with height.
5. Conclusion
In this study the high frequency wind speed time series, recorded on a 27.5 m
high mast in a urban area are studied by means of the wavelet variance. Wavelet
variance is a well-known time series analysis tool, that decomposes the variance of
a series into a set of values depending on the scale. The investigated heights from
the ground, from 1.5 m to 25.5 m, were set to discriminate the wind dynamics
below and above the average building height around the mast, and to quantify its
influence on a wind temporal variability. Our findings indicate that the building
layout influences the temporal variability of the wind : wavelet variance increases
at smaller or larger scales for the lower or higher anemometers correspondingly.
Considering the relationship between wavelet scale and frequency (small/large
wavelet scales correspond to high/low frequency ranges), the lower anemometers
are characterized by the dominance of high frequency fluctuations. This is in
agreement with the typical phenomena of small turbulence dynamics, that takes
place around buildings at small heights from the ground and that is mainly
evident at high frequencies. Indeed, close to the ground and in proximity of
buildings, the mechanical generation of turbulence is prevalent and the airflow
movements are dominated by small turbulent eddies [26, 27]. The wind measured
by the higher anemometers, situated in a status of unconditioned flow, typical of
7
inertial layer, is not characterized by intermittency or bursts of high frequency
fluctuations like the wind measured at lower heights; therefore its dynamics is
more “regular” and dominated by low frequency fluctuations, which is more
representative of the synoptic flows.
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Figure 1: Location of the mast.
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Figure 2: 1Hz wind speed time series for the 7 anemometers.
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Figure 3: Boxplots for the 7 anemometers.
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Figure 4: Detailed coefficients of the DWT at scales m = 4, 8, 12 and 16 for the anemometer 1,
using Haar mother wavelet.
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Figure 5: 3D representation of the DWT detailed coefficients as a function of scale over a part
of the data, for the anemometer 1, using Haar mother wavelet.
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Figure 6: Wavelet variance for different mother wavelets performed on the normalized time
series.
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